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LITHOGRAPHIC APPARATUS AND DEVICE
MANUFACTURING METHOD

This application 1s a continuation of U.S. patent applica-
tion Ser. No. 12/078,635 filed on Apr. 2, 2008, now U.S. Pat.
No. 8,004,652, which 1s a continuation of U.S. patent appli-

cation Ser. No. 10/966,108 filed on Oct. 18, 2004, now U.S.
Pat. No. 7,379,155, each of the foregoing applications incor-
porated herein 1n its entirety by reference.

FIELD

The present mvention relates to a lithographic apparatus
and a method for manufacturing a device.

BACKGROUND

A lithographic apparatus 1s a machine that applies a desired
pattern onto a substrate, usually onto a target portion of the
substrate. A lithographic apparatus can be used, for example,
in the manufacture of integrated circuits (ICs). In that
instance, a patterning device, which is alternatively referred
to as a mask or a reticle, may be used to generate a circuit
pattern to be formed on an individual layer of the IC. This
pattern can be transierred onto a target portion (e.g. compris-
ing part of, one, or several dies) on a substrate (e.g. a silicon
waler). Transfer of the pattern 1s typically via imaging onto a
layer of radiation-sensitive material (resist) provided on the
substrate. In general, a single substrate will contain a network
of adjacent target portions that are successively patterned.
Known lithographic apparatus include so-called steppers, 1n
which each target portion 1s irradiated by exposing an entire
pattern onto the target portion at one time, and so-called
scanners, 1 which each target portion 1s rradiated by scan-
ning the pattern through a radiation beam 1n a given direction
(the “scanning”’-direction) while synchronously scanning the
substrate parallel or anti-parallel to this direction. It 1s also
possible to transfer the pattern from the patterning device to
the substrate by imprinting the pattern onto the substrate.

It has been proposed to immerse the substrate 1n the litho-
graphic projection apparatus in a liquid having a relatively
high refractive index, e.g. water, so as to {ill a space between
the final element of the projection system and the substrate.
The point of this 1s to enable 1imaging of smaller features since
the exposure radiation will have a shorter wavelength 1n the
liquid. (The effect of the liqmd may also be regarded as
increasing the effective NA of the system and also increasing
the depth of focus.) Other immersion liquids have been pro-
posed, including water with solid particles (e.g. quartz) sus-
pended therein.

However, submersing the substrate or substrate and sub-
strate table 1n a bath of liquid (see, for example, U.S. Pat. No.
4,509,852, hereby incorporated 1n its entirety by reference)
means that there 1s a large body of liquid that must be accel-
erated during a scanning exposure. This requires additional or
more powerful motors and turbulence 1n the liquid may lead
to undesirable and unpredictable effects.

One of the solutions proposed 1s for a liquid supply system
to provide liquid on only a localized area of the substrate and
in between the final element of the projection system and the
substrate (the substrate generally has a larger surface area
than the final element of the projection system). One way
which has been proposed to arrange for this 1s disclosed in
PCT patent application WO 99/49504, hereby incorporated in
its entirety by reference. As illustrated in FIGS. 2 and 3, liquid
1s supplied by at least one 1nlet IN onto the substrate, prefer-
ably along the direction of movement of the substrate relative
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2

to the final element, and 1s removed by at least one outlet OUT
alter having passed under the projection system. That 1s, as
the substrate 1s scanned beneath the element 1n a =X direction,
liquid 1s supplied at the +X side of the element and taken up
atthe —X side. FIG. 2 shows the arrangement schematically 1n
which liquid 1s supplied via inlet IN and 1s taken up on the
other side of the element by outlet OUT which 1s connected to
a low pressure source. In the 1llustration of FIG. 2 the liguid 1s
supplied along the direction of movement of the substrate
relative to the final element, though this does not need to be

the case. Various orientations and numbers of in-and out-lets
positioned around the final element are possible, one example
1s 1llustrated in FIG. 3 1n which four sets of an inlet with an
outlet on either side are provided 1n a regular pattern around
the final element.

SUMMARY

In a liquid supply system of lithographic apparatus, a mix-
ture of liquid and gas may be extracted during operation of the
liquid supply system. For example, one or more outlets in the
liquid supply system of FIGS. 2 and 3 may extract a mixture
of liquid and gas during exposure of the substrate. In another
example, as discussed below 1n relation to FIG. 5, liquid and
gas may be extracted to seal a gap between a liquid confine-
ment structure and the substrate during exposure of the sub-
strate. A disturbance in the flow of liquid and gas in these
systems and 1n surrounding regions may negatively affect the
imaging quality of the lithographic apparatus. Where a com-
bination of liquid and gas 1s involved, there may be an 1ssue of
providing stable and reliable extraction due to the difficult
flow properties of a liquid and gas mixture. Reliability may be
a concern for example where damage to the lithography appa-
ratus can occur following a failure in the liquid supply system
or where an outage 1n the liquid supply system may cause
delays in production.

Accordingly, 1t would be advantageous, for example, to
provide an improved system and method for evacuating mix-
tures of liquid and gas from components in a lithographic
apparatus.

According to an aspect of the invention, there 1s provided a
lithographic apparatus comprising:

an 1lluminator configured to condition a radiation beam;

a support constructed to hold a patterning device, the pat-
terning device configured to impart the radiation beam with a
pattern 1n its cross-section to form a patterned radiation beam:;

a substrate table constructed to hold a substrate;

a projection system configured to project the patterned
radiation beam onto a target portion of the substrate;

a liquid supply system configured to at least partly fill a
space between the projection system and the substrate with a
liquid, the liquid supply system comprising a liquid confine-
ment structure configured to at least partly confine the liquid
within the space;

an outlet configured to remove a mixture of liquid and gas
passing through a gap between the liquid confinement struc-
ture and the substrate; and

an evacuation system configured to draw the mixture
through the outlet, the evacuation system comprising a sepa-
rator tank arranged to separate liquid from gas 1n the mixture
and a separator tank pressure controller, connected to a non-
liquid-filled region of the separator tank, configured to main-
tain a stable pressure within the non-liquid-filled region.
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According to a further aspect, there 1s provided an appara-
tus, comprising:

a pressurized gas input configured to provide gas under
pressure to an interface region of a container from which
liquid may escape;

a stabilized evacuation system configured to provide con-
trolled removal of a mixture of liquid and gas from the region,
the flow of gas caused by the pressurized gas input coupled
with the stabilized evacuation system being configured to
limit the escape of liquid from the container through the
interface region, the stabilized evacuation system comprising
a separator tank arranged to separate liquid from gas 1n the
mixture and a separator tank pressure controller, connected to
a non-liquid-filled region of the separator tank, configured to
maintain a stable pressure within the non-liquid-filled region.

According to a further aspect, there 1s provided a litho-
graphic apparatus, comprising:

an 1lluminator configured to condition a radiation beam;

a support constructed to hold a patterning device, the pat-
terming device configured to impart the radiation beam with a
pattern 1n 1ts cross-section to form a patterned radiation beam:;

a substrate table constructed to hold a substrate;

a projection system configured to project the patterned
radiation beam onto a target portion of the substrate;

a liquid supply system configured to at least partly fill a
space between the projection system and the substrate with a
liquad, the liquid supply system comprising a liquid confine-
ment structure configured to at least partly confine the liquid
within the space;

an outlet configured to remove a mixture of liquid and gas
passing through a gap between the liquid confinement struc-
ture and the substrate; and

an evacuation system configured to draw the mixture
through the outlet, the evacuation system comprising a two-
phase compatible pump and a liquid/gas homogenizer
arranged between the gap and the two-phase compatible
pump, the liquid/gas homogenizer being arranged to provide
a uniform mixture of liquid and gas to the two-phase compat-
ible pump.

According to a further aspect, there 1s provided a litho-
graphic apparatus, comprising:

an 1lluminator configured to condition a radiation beam:;

a support constructed to hold a patterning device, the pat-
terning device configured to impart the radiation beam with a
pattern 1n 1ts cross-section to form a patterned radiation beam:;

a substrate table constructed to hold a substrate;

a projection system configured to project the patterned
radiation beam onto a target portion of the substrate;

a liquid supply system configured to at least partly fill a
space between the projection system and the substrate with a
liquid, the liquid supply system comprising a liquid confine-
ment structure configured to at least partly confine the liquid
within the space;

an outlet configured to remove a mixture of liquid and gas
passing through a gap between the liquid confinement struc-
ture and the substrate; and

an evacuation system configured to draw the mixture
through the outlet, the evacuation system, comprising:

a main pumping line connected to a two-phase compatible
pump configured to pump the mixture,

a backup line connectable to a shared vacuum facility con-
figured to pump gas only and arranged to backup the two-
phase compatible pump, the two-phase compatible pump
being configurable to provide a deeper vacuum than the
shared vacuum facility, and

a two-phase-compatible pressure regulator connected to
the main pumping line and the backup line.
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4
BRIEF DESCRIPTION OF THE DRAWINGS

Embodiments of the mnvention will now be described, by
way ol example only, with reference to the accompanying
schematic drawings 1n which corresponding reference sym-
bols mdicate corresponding parts, and in which:

FIG. 1 depicts a lithographic apparatus according to an
embodiment of the invention;

FIGS. 2 and 3 depict a liquid supply system for use in a
lithographic projection apparatus;

FIG. 4 depicts another liquid supply system for use 1n a
lithographic projection apparatus;

FIG. 5 depicts a further liquid supply system, comprising,
an 1mmersion liquid reservoir with a liquid confinement
structure and a gas seal, for use 1n a lithographic projection
apparatus;

FIG. 6 depicts an evacuation system according to an
embodiment of the invention, the system comprising a sepa-
rator tank, a limited tlow connection and a pressure equaliza-
tion connection;

FIG. 7 depicts an evacuation system according to an
embodiment of the invention, the system comprising a sepa-
rator tank only;

FIG. 8 depicts an evacuation system according to an
embodiment of the invention, the system comprising a liquid/
gas homogenizer and a holding tank arranged to be pumped
down by a two-phase compatible pump backed up by a shared
vacuum facility;

FIG. 9 depicts an evacuation system according to an
embodiment of the invention, the system comprising a sepa-
rator tank arranged to be pumped down by a two-phase com-
patible pump backed up by a shared vacuum {facility;

FIG. 10 depicts an evacuation system according to an
embodiment of the invention, the system comprising a sepa-
rator tank and a purge tank, the separator tank being arranged
to be pumped down by a two-phase compatible pump backed
up by a shared vacuum {facility, and the separator tank and
purge tank being connected together by a limited tlow con-
nection;

FIG. 11 depicts an evacuation system according to that
shown 1n FIG. 10 but further comprising a pressure equaliza-
tion connection between the separator and purge tanks;

FIG. 12 depicts an evacuation system according to that
shown i FIG. 10 but further comprising a connection
between the purge tank and the two-phase compatible pump
and shared vacuum facility;

FIG. 13 depicts an evacuation system according to an
embodiment of the invention, the system comprising a sepa-
rator tank only with a rotating wheel liquid pump arranged to
drain the liquid from the separator tank;

FIG. 14 depicts an evacuation system such as that shown in
FIG. 13, except that a gas jet pump 1s arranged to remove
liquid from the separator tank;

FIG. 15 depicts an evacuation system according to an
embodiment of the invention, the system comprising a sepa-
rator tank only with a two-phase compatible pump being
configured to drain liquid from the separator tank and main-
tain a stable pressure 1n the separator tank, and with a check
valve positioned between the pumping line configured to
drain the separator tank and the pumping line configured to
maintain the pressure in the non-liqud-filled region of the
separator tank;

FIG. 16 depicts an evacuation system according to that
shown 1n FIG. 15 without the check valve; and

FIG. 17 depicts an evacuation system according to an
embodiment of the mnvention, the system comprising a two-
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phase compatible pump backed up by a shared vacuum facil-
ity and controlled by a two-phase compatible vacuum pres-

sure regulator.

DETAILED DESCRIPTION

FIG. 1 schematically depicts a lithographic apparatus
according to one embodiment of the invention. The apparatus
COmMprises:

an 1llumination system (1lluminator) IL configured to con-
dition a radiation beam PB (e.g. UV radiation or DUV
radiation).

a support structure (e.g. a mask table) MT constructed to
support a patterning device (e.g. a mask) MA and con-
nected to a first positioner PM configured to accurately
position the patterning device 1n accordance with certain
parameters;

a substratetable (e.g. a water table) WT constructed to hold
a substrate (e.g. a resist-coated water) W and connected
to a second positioner PW configured to accurately posi-
tion the substrate in accordance with certain parameters;
and

a projection system (e.g. a refractive projection lens sys-
tem) PL configured to project a pattern imparted to the
radiation beam PB by patterning device MA onto a
target portion C (e.g. comprising one or more dies) of the
substrate W.

The 1llumination system may include various types of opti-
cal components, such as refractive, reflective, magnetic, elec-
tromagnetic, electrostatic or other types of optical compo-
nents, or any combination thereof, for directing, shaping, or
controlling radiation.

The support structure holds the patterning device 1n a man-
ner that depends on the orientation of the patterning device,
the design of the lithographic apparatus, and other conditions,
such as for example whether or not the patterning device 1s
held 1n a vacuum environment. The support structure can use
mechanical, vacuum, electrostatic or other clamping tech-
niques to hold the patterning device. The support structure
may be a frame or a table, for example, which may be fixed or
movable as required. The support structure may ensure that
the patterning device 1s at a desired position, for example with
respect to the projection system. Any use of the terms
“reticle” or “mask”™ herein may be considered synonymous
with the more general term “patterming device.”

The term “patterning device” used herein should be
broadly interpreted as referring to any device that can be used
to 1mpart a radiation beam with a pattern in 1ts cross-section
such as to create a pattern 1n a target portion of the substrate.
It should be noted that the pattern imparted to the radiation
beam may not exactly correspond to the desired pattern in the
target portion of the substrate, for example 1f the pattern
includes phase-shifting features or so called assist features.
Generally, the pattern imparted to the radiation beam will
correspond to a particular functional layer 1n a device being
created 1n the target portion, such as an integrated circuit.

The patterning device may be transmissive or reflective.
Examples of patterning devices include masks, program-
mable mirror arrays, and programmable LCD panels. Masks
are well known in lithography, and include mask types such as
binary, alternating phase-shiit, and attenuated phase-shift, as
well as various hybrid mask types. An example of a program-
mable mirror array employs a matrix arrangement of small
mirrors, each of which can be individually tilted so as to
reflect an mcoming radiation beam 1n different directions.
The tilted mirrors impart a pattern 1n a radiation beam which
1s reflected by the mirror matrix.
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The term “‘projection system” used herein should be
broadly interpreted as encompassing any type of projection
system, including refractive, retlective, catadioptric, mag-
netic, electromagnetic and electrostatic optical systems, or
any combination thereof, as appropriate for the exposure
radiation being used, or for other factors such as the use of an
immersion liquid or the use of a vacuum. Any use of the term
“projection lens” herein may be considered as synonymous
with the more general term “projection system”.

As here depicted, the apparatus 1s of a transmissive type
(e.g. employing a transmissive mask). Alternatively, the appa-
ratus may be of a retlective type (e.g. employing a program-
mable mirror array of a type as referred to above, or employ-
ing a reflective mask).

The lithographic apparatus may be of a type having two
(dual stage) or more substrate tables (and/or two or more
mask tables). In such “multiple stage” machines the addi-
tional tables may be used 1n parallel, or preparatory steps may
be carried out on one or more tables while one or more other
tables are being used for exposure.

Referring to FIG. 1, the illuminator IL receives a radiation
beam from a radiation source SO. The source and the litho-
graphic apparatus may be separate entities, for example when
the source 1s an excimer laser. In such cases, the source 1s not
considered to form part of the lithographic apparatus and the
radiation beam 1s passed from the source SO to the 1llumina-
tor IL with the aid of a beam delivery system BD comprising,
for example, suitable directing mirrors and/or a beam
expander. In other cases the source may be an integral part of
the lithographic apparatus, for example when the source 1s a
mercury lamp. The source SO and the 1lluminator IL, together
with the beam delivery system BD if required, may be
referred to as a radiation system.

The 1lluminator IL may comprise an adjuster AD for
adjusting the angular intensity distribution of the radiation
beam. Generally, at least the outer and/or inner radial extent
(commonly referred to as o-outer and o-1nner, respectively)
of the intensity distribution 1n a pupil plane of the illuminator
can be adjusted. In addition, the 1lluminator IL. may comprise
various other components, such as an integrator IN and a
condenser CO. The illuminator may be used to condition the
radiation beam, to have a desired uniformity and intensity
distribution 1n 1ts cross-section.

The radiation beam PB 1s incident on the patterning device
(e.g., mask MA), which 1s held on the support structure (e.g.,
mask table MT), and 1s patterned by the patterning device.
Having traversed the mask M A, the radiation beam PB passes
through the projection system PL, which focuses the beam
onto a target portion C of the substrate W. With the aid of the
second positioner PW and position sensor IF (e.g. an inter-
terometric device, linear encoder or capacitive sensor), the
substrate table WT can be moved accurately, e.g. so as to
position different target portions C in the path of the radiation
beam PB. Similarly, the first positioner PM and another posi-
tion sensor (which 1s not explicitly depicted in FIG. 1) can be
used to accurately position the mask MA with respect to the
path of the radiation beam PB, e.g. after mechanical retrieval
from a mask library, or during a scan. In general, movement of
the mask table MT may be realized with the aid of a long-
stroke module (coarse positioning) and a short-stroke module
(fine positioning), which form part of the first positioner PM.
Similarly, movement of the substrate table WT may be real-
1zed using a long-stroke module and a short-stroke module,
which form part of the second positioner PW. In the case of a
stepper (as opposed to a scanner) the mask table MT may be
connected to a short-stroke actuator only, or may be fixed.
Mask MA and substrate W may be aligned using mask align-
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ment marks M1, M2 and substrate alignment marks P1, P2.
Although the substrate alignment marks as illustrated occupy
dedicated target portions, they may be located in spaces
between target portions (these are known as scribe-lane align-
ment marks). Similarly, 1 situations 1n which more than one
die 1s provided on the mask MA, the mask alignment marks
may be located between the dies.

The depicted apparatus could be used 1n at least one of the
tollowing modes:

1. In step mode, the mask table MT and the substrate table
WT are kept essentially stationary, while an entire pattern
imparted to the radiation beam 1s projected onto a target
portion C at one time (1.e. a single static exposure). The
substrate table W 1s then shifted 1n the X and/orY direction
so that a different target portion C can be exposed. In step
mode, the maximum size of the exposure field limaits the size
of the target portion C 1maged 1n a single static exposure.

2. In scan mode, the mask table MT and the substrate table
WT are scanned synchronously while a pattern imparted to
the radiation beam 1s projected onto a target portion C (1.e. a
single dynamic exposure). The velocity and direction of the
substrate table WT relative to the mask table MT may be
determined by the (de-)magnification and image reversal
characteristics of the projection system PL. In scan mode, the
maximum size ol the exposure field limits the width (in the
non-scanning direction) of the target portion 1 a single
dynamic exposure, whereas the length of the scanning motion
determines the height (1n the scanning direction) of the target
portion.

3. In another mode, the mask table MT is kept essentially
stationary holding a programmable patterning device, and the
substrate table WT 1s moved or scanned while a pattern
imparted to the radiation beam 1s projected onto a target
portion C. In this mode, generally a pulsed radiation source 1s
employed and the programmable patterning device 1s updated
as required after each movement of the substrate table WT or
in between successive radiation pulses during a scan. This
mode of operation can be readily applied to maskless lithog-
raphy that utilizes programmable patterning device, such as a
programmable mirror array of a type as referred to above.

Combinations and/or variations on the above described
modes of use or entirely different modes of use may also be
employed.

A turther immersion lithography solution with a localized
liquid supply system1s shown in FIG. 4. Liquid 1s supplied by
two groove inlets IN on either side of the projection system
PL and i1s removed by a plurality of discrete outlets OUT
arranged radially outwardly of the inlets IN. The inlets IN and
OUT can be arranged 1n a plate with a hole 1n 1ts center and
through which the projection beam 1s projected. Liquid 1s
supplied by one groove 1nlet IN on one side of the projection
system PL and removed by a plurality of discrete outlets OUT
on the other side of the projection system PL, causing a flow
of a thin film of liquid between the projection system PL and
the substrate W. The choice of which combination of inlet IN
and outlets OUT to use can depend on the direction of move-
ment of the substrate W (the other combination of inlet IN and
outlets OUT being 1nactive).

Another immersion lithography solution with a localized
liquid supply system solution which has been proposed 1s to
provide the liquid supply system with a liquid confinement
structure which extends along at least a part of a boundary of
the space between the final element of the projection system
and the substrate table. Such a system 1s shown 1n FIG. 5. The
liquid confinement structure 1s substantially stationary rela-
tive to the projection system in the XY plane though there
may be some relative movement 1n the Z direction (in the
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direction of the optical axis). A seal 1s formed between the
liquid confinement structure and the surface of the substrate.
In an embodiment, the seal 1s a contactless seal such as a gas
seal. Such a system with a gas seal 1s disclosed 1n U.S. patent
application Ser. No. 10/705,783, hereby incorporated 1n 1ts
entirety by reference.

FIG. 5 depicts an arrangement of a reservoir 10, which
forms a contactless seal to the substrate around the image field
of the projection system so that liquid 1s confined to fill a
space between the substrate surface and the final element of
the projection system. A liquid confinement structure 12 posi-
tioned below and surrounding the final element of the projec-
tion system PL forms the reservoir. Liquid 1s brought into the
space below the projection system and within the liquid con-
finement structure 12. The liquid confinement structure 12
extends a little above the final element of the projection sys-
tem and the liquid level rises above the final element so thata
butfer of liquid 1s provided. The liquid confinement structure
12 has an iner periphery that at the upper end preferably
closely conforms to the shape of the projection system or the
final element thereof and may, e.g., be round. At the bottom,
the inner periphery closely conforms to the shape of the image
field, e.g., rectangular though this need not be the case.

The liquid 1s confined 1n the reservoir by a gas seal 16
between the bottom of the liquid confinement structure 12
and the surface of the substrate W. The gas seal 1s formed by
gas, €.g. air, synthetic air, N, or an inert gas, provided under
pressure via inlet 15 to the gap between liquid confinement
structure 12 and substrate and extracted via an outlet to an
evacuation system hose 14. The overpressure on the gas inlet
15, vacuum level on the outlet of the hose 14 and geometry of
the gap are arranged so that there 1s a high-velocity gas flow
inwards that confines the liquid. It will be understood by the
person skilled in the art that other types of seal could be used
to contain the liqud.

FIG. 6 shows an evacuation system 30 according to an
embodiment of the imnvention. The evacuation system 30 pro-
vides the driving force for the removal of a mixture of liquid
and gas from the interface region 28 between the liquid con-
finement structure 12 and the substrate W via the evacuation
system hose 14. The operation of the gas seal and 1ts ability to
carry out its function without excessive disturbance to the
liquid confinement structure 12, substrate W or immersion
liquid, may depend on the quality of the gas tlow in the seal 16
and therefore on the pumping performance of the evacuation
system 30. According to the embodiment shown 1n FIG. 6 and
further embodiments discussed below, a suitably stable and
reliable performance may be provided through the use of a
separator tank 33.

One way 1n which reliability may be achieved according to
this approach i1s that a system based on a separator tank
concept may be concerved with a mimimal number of com-
ponents. Additionally or alternatively, where embodiments
are directed to use 1n a lithographic apparatus, for instance, 1t
may be possible to make eflective use of systems already
available 1n such apparatus, such as a shared vacuum facility
and a high pressure gas source, thus possibly minimizing
costs and optimizing use of space. An additional or alternative
advantage of a system based on a separator tank principle 1s
that, for a broad range of viscosities, 1ts operation may not be
very dependent on the properties of the liquid being pumped.
This could be 1n contrast to more complex liquid/gas pumping
systems, which may be highly dependent on the tlow proper-
ties of the mixture.

Additionally or alternatively, the use of a separator tank as
a means to separate liquid and gaseous phases may offer an
advantage from a noise perspective. Passive separation, as
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occurs 1n the separator tank under the influence of gravity,
may reduce vibrational noise and heating, which might oth-
erwise be transmitted through to the substrate or other 1imag-
ing-critical element 1n such a way as to degrade the pertor-
mance of the lithographic apparatus and/or transmaitted to the
environment around the apparatus so as to have a negative
impact on that environment.

Additionally or alternatively, the internal components of
the separator tank, and related components (such as those
dedicated to draining the separator tank), rely on valves rather
than pumps and so may conifer an advantage in terms of
reliability over liquid/gas processing systems that are based
directly on pumps.

Other or alternative advantages may be discussed below 1n
the context of one or more particular embodiments but should
be understood as being more generally applicable where
approprate. In addition, although one or more embodiments
are discussed 1n terms of liquid/gas mixtures removed from a
gas seal 1n a lithographic apparatus, i1t should be understood
that one or more embodiments of the invention may be appli-
cable to other systems, lithographic or non-lithographic,
involving removing a mixture of liquid and gas 1n a controlled
manner. Such other systems may include, for example, the
removal of a liquid/gas mixture from underneath the substrate
during 1maging 1n a lithographic apparatus.

According to an operating mode of the embodiment
depicted 1n FIG. 6, the mixture of liquid and gas 1s drawn from
the interface region 28 via evacuation system hose 14 to an
opening in the upper region of the separator tank 35. The
driving force for this movement of liquid and gas 1s a low
pressure maintained in the separator tank 35. Liquid settles
towards the bottom of the tank and gases are pushed to the top
of the tank where they are largely removed by the pumping
action of a separator tank pressure controller 40, which 1s
configured to maintain a low pressure in the separator tank 35.
Hose 31 links the separator tank pressure controller to the
separator tank 335 via an opening in an upper suriace 33.
Positioning this opening near the upper surface 33 of the
separator tank 35 helps prevent liquid making its way into the
separator tank pressure controller 40. This arrangement can
ensure that the separator tank pressure controller 40 and any
pumping device associated therewith does not require a facil-
ity to deal with liquid, which may greatly simplify the task of
providing a stable low pressure environment in the separator
tank 35. The risk of system failure or unpredictable perfor-
mance may be greatly reduced by protecting the separator
tank pressure controller 40 from liquid 1n this way.

Positioning the link to the separator tank pressure control-
ler 40 1n an upper surface 33 of the separator tank 35 may help
ensure that the liquid and gas separation process can proceed
in an eificient manner. This separation process may also be
improved by taking one or more steps to control (reduce) the
flow rate of the liquid/gas mixture as 1t enters the separator
tank, of gas as i1t 1s pumped away by the separator tank
pressure controller 40, and/or of liquid as 1t 1s drained away
into a purge tank 50. This may be achieved by providing large
diameter hoses (which, 1n particular, may be arranged to
increase 1n diameter near to the point of entry to the separator
tank 35) and hose connections for respective links to and from
the separator tank 35.

To allow for continuous operation, the separator tank 35
should be drained. In general, the separator tank 35 should not
be allowed to fill excessively as a butler volume 1s used to
damp pressure fluctuations. The builering/damping action
decreases as the size of the buller volume decreases because
pressure fluctuations are only effectively damped by the gas
content of the separator tank 35, the liquid content being
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highly incompressible. A liquid-filled separator tank 35 will
provide little, 1f any, damping.

I1 the performance of the gas seal 1s not to be compromised,
the draining of the separator tank 35 should avoid disturbing
the separator tank pressure. Several arrangements may be
used for this purpose. FIG. 6 depicts an embodiment using a
purge tank 50, situated lower than the separator tank 335 and
connected via an opening 1n its top surface 65 to an opening
in the lower surface 55 of the separator tank 35. The actual
height difference between the purge tank 50 and the separator
tank 33 1s not critical as long as there 1s some difference, so
that gravity can be used to push liquid between the tanks 35
and 50. The connection between the tanks 35 and 50 can be
controlled by a purge valve 70, which may be operable to be
either open or closed or be arranged to let liquid flow only 1n
one direction (1.e. by using a “check valve™).

According to an embodiment, a pressure equalization con-
nection 75 may be provided between an upper region of the
purge tank 50 and an upper region of the separator tank 35,
controlled by a pressure equalization valve 80. In normal
operation, the purge valve 70 will be left open and liquid will
drain from the separator tank 35 into the purge tank 350. The
volume occupied by liquid, and therefore the remaining vol-
ume 1n each of the tanks may change, which will affect the
pressures in the tanks. For example, in the case where the
liquid level 1s going down 1n the separator tank 35 and up 1n
the purge tank 50, the pressure will tend to decrease 1n the
separator tank 35 and increase i the purge tank 50. The
change 1n pressure 1n the separator tank 35 may compromise
the stability of the low pressure provided by the separator tank
pressure controller 40, which 1n turn may negatively affect the
performance ol the gas seal. On the other hand, the increase in
pressure 1n the purge tank 50 may act as a cushion to liquid
entering from the separator tank 335 and reduce the efliciency
with which the separator tank 35 1s drained. The pressure
equalization connection 75 may be provided to equalize the
pressures in the two tanks 35 and 50 and thus largely elimi-
nate the above possible concerns. Alternatively, a connection
may be provided to maintain a fixed pressure difference
between the separator tank 35 and the purge tank 50. By
establishing a slightly higher working pressure 1n the purge
tank 50, for example, 1t may require less time to pump down
the purge tank 50 after an emptying procedure (see below for
a further description). A balance should be struck between the
time saved during such a pump down phase and any reduction
in the efficiency of draining of the separator tank caused by a
higher pressure inthe purge tank 50. As a further variation, the
same separator tank may be used as part of an evacuation
system for a plurality of sources of liquid/gas mixtures. Alter-
natrvely or additionally, a number of separator tanks 35 (per-
haps maintained at different pressures) may be connected to
the same purge tank 50. In this arrangement, where the sepa-
rator tanks 35 are at different pressures, 1t may be convenient
to choose to maintain the purge tank at an intermediate pres-
sure. Additional valves may be included to 1solate one or more
of the purge tanks from each other in order to eliminate
cross-talk between the tanks. This arrangement may reduce or
remove the need for an mtermediate pressure being main-
tained 1n the purge tank 50.

The purge tank 50 may be emptied to a liquid sink 90 via a
liquid sink valve 95. The liquid sink 90 may be a drain or be
connected to a liquid recycling system. Emptying of the purge
tank 50 may be mitiated when the liquid level in the tank
exceeds a predetermined threshold value. This may in turn be
determined based on timing (1.e. a controller may be pro-
grammed to 1nitiate a purge tank emptying procedure after a
given time has elapsed after the completion of a previous
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emptying procedure, the given time being selected by refer-
ence to calibration measurements carried out to determine a
purge tank fill-rate under standard conditions), or a liquid
level sensor 32 may be provided that 1s configured to measure
the liquid level and report to a controller when the liquid level
reaches a threshold level. The liquid level sensor 52 may be a
kind of float sensor, for example. The option of using a con-
troller 1n conjunction with a sensor can provide for flexible
operation, allowing the apparatus to adapt seamlessly to a
change 1n operating conditions, such as a variation 1n the rate
of liquid tlowing into the evacuation system. On the other
hand, the option of controlling the evacuation system solely
on the basis of a timed cycle makes 1t possible to reduce the
number of sensors (only emergency sensors may need to be
included) and omit expensive control circuitry. By reducing
the number of critical components in this way, 1t may be
possible to keep costs low while achieving suificient reliabil-
ity. Where the liqud flow rate 1s variable and 1t 1s desired to
use a timed cycle arrangement, the timed cycle can be set to
allow for a maximum flow rate, all flow rates less than this
being provided for automatically.

Emptying the purge tank 50 may be carried out by closing
any gas connections between the separator tank 35 and the
purge tank 50 (via the pressure equalization valve 80 for
example where 1t 1s provided), closing the purge valve 70, and
then opening the liquid sink valve 95. A high pressure gas
source 100 may be connected to the upper region of the purge
tank 50 1n order to establish a high gas pressure in this region
and force liquid more quickly from the purge tank 50 mto the
liquid sink 90. The pressure 1n this region may be controlled
via valve 101. However, if the speed of draining of the purge
tank 50 1s not critical then the high pressure gas source 100
may be omitted. Once the purge tank has been emptied, the
liquad sink valve 95 may be closed again. However, resuming
normal operation immediately by opening the pressure equal-
ization connection 75 would normally cause an excessively
large gas flow from the purge tank 50 to the separator tank 35,
which may cause pressure fluctuations in the separator tank
35. This gas flow typically arises due to the pressure differ-
ence between the two tanks 35 and 50 (which may be exac-
erbated 1n the case that the purge tank 50 1s larger than the
separator tank 35). Providing a limited flow connection 145,
comprising a tlow restriction device 150, between the two
tanks 35 and 50, may reduce the size of the gas flow. This
restricted connection allows the purge tank 50 to be gradually
pumped down to the same pressure as the separator tank 35
without unduly loading the separator tank pressure controller
40 by a sudden 1influx of gas. The limited flow connection 1435
may be provided as a separate connection (as depicted 1n FIG.
6) or may alternatively be implemented via the pressure
equalization connection 75 (for example, by providing a con-
trollable valve 80 that 1s capable of providing a low flow
impedance for normal operation (when the purge tank 50 1s
already pumped down), and a high flow impedance during a
phase where the purge tank 50 1s being gradually pumped
down after an emptying procedure). In applications where the
flow restriction device 150 may be set to have a relatively low
flow 1mpedance, 1t may be possible to dispense with the
pressure equalization connection 75 altogether and use the
flow restriction device 150 as a means to gradually pump
down the purge tank 50 and to ease the flow of liquid between
the two tanks 35 and 50. The tlow restriction device 150 may
be, for example, a needle valve, orifice or capillary tube. The
s1ze of the constrained opeming used may be 1n the range of 10
um to 2 mm.

The flow impedance to choose for the flow restriction
device 150 will depend on a number of factors, including the
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pressure used by the high pressure gas source 100, the vol-
umes ol the purge and separator tanks 35 and 50, the pumping
power ol the separator tank pressure controller 40, and the
maximum tolerable increase in pressure that 1s to be allowed
in the separator tank 35. Calibration measurements may be
used to determine an approprate tlow restriction and/or the
flow restriction device 150 may be configured to be adjustable
so as to respond to different operating conditions. Addition-
ally, the tlow restriction device may be controlled by a flow
rate controller that provides feedback correction based on the
pressure 1n the separator tank 35 (as measured by a separator
tank pressure sensor 32). For example, when 1t 1s sensed that
the pressure in the separator tank 35 has exceeded, or will
exceed, a threshold, the controller may be configured to send
a signal to the flow restriction device 150 to stem the flow of
gas 1to the separator tank 35 (by increasing its flow 1imped-
ance). In general, the time to equalize pressures 1n the sepa-
rator and purge tanks 35 and 50 will be a major contributor to
the overall cycle time. Faster equalization may be achuieved by
providing an additional high-throughput connection to the
purge tank 50 that allows independent and rapid pumping of
this volume.

In case the emptying procedure 1s not well regulated or
some other malfunction occurs, the separator tank 35 may be
fitted with a sensor 32 to measure the liquid level 1n the tank.
It the liguid level rises beyond a predefined “maximum fill
level” (which will be chosen to be safely below the level of the
entry point for the separator tank pressure controller 40), the
evacuation system may be configured to enter a safety mode.
The safety mode may comprise at least the function of 1s0-
lating the separator tank pressure controller 40 from the sepa-
rator tank 35 so as to prevent damage to the separator tank
pressure controller 40.

In general, the separator tank 35 may be arranged to have a
volume of between 1 and 10 liters with the purge tank 30
being arranged to be much larger. For a separator tank 335
much smaller than 1 liter, 1t may be difficult to maintain a
stable pressure and emptying would have to be carried out
more frequently. On the other hand, a separator tank 35 much
larger than 10 liters may be considered too cumbersome and
may place too great a load on the separator tank pressure
controller 40.

The control of the flow rate of liquid and gas into the
separator tank 35 1s also affected by the size of the separator
tank 35 (and therefore any residual or buffer volume in the
separator tank 35). A large bulfer volume means that a greater
quantity of gas will need to be provided or removed by the
separator tank pressure controller 40 1n order for 1t to manipu-
late the pressure 1n the buifer volume and thus the flow rate,
making i1t more difficult for the separator tank pressure con-
troller 40 to carry out its function.

As a simpler alternative to the embodiment depicted 1n
FIG. 6, the liqud level in the separator tank 35 may be
controlled without a purge tank by pumping directly on the
liquid 1n the separator tank 35 via a liquid or two-phase
compatible pump 62 connected to a suitable valve 1n the lower
region of the separator tank 35, as depicted in FIG. 7. Accord-
ing to this arrangement, however, steps may need to be taken
to ensure that pressure fluctuations in the pump 62 do not
disturb the quality of the low pressure state maintained in the
separator tank 33 by the separator tank pressure controller 40.

Due to the expense and space required for multiple vacuum
sources, 1t 1s often convenient where a number of different
apparatuses require such sources to provide a shared vacuum
facility (a “house vacuum”). In the embodiments discussed
above with reference to FIGS. 6 and 7, for example, a share
vacuum facility may be used as the basis for the separator tank
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pressure controller 40. The use of a single vacuum facility for
several apparatuses has a number of advantages 1n terms of
space-saving and costs, but 1t may also suifer one or more
drawbacks. For example, it may often be necessary to provide
an eflective and reliable gas-liquid separation system, since
liquid will not normally be tolerated in the shared vacuum
tacility. First, because the shared vacuum {facility provides
low pressure to various diflerent users 1n the plant, some of
these users may require a certain minimum 1n terms of sta-
bility of the vacuum. Liquid 1n the shared vacuum facility waill
essentially form a 2-phase flow, which 1s typically unstable.
Thus, the ingress of liquid into the shared vacuum facility
may negatively affect other users. Additionally or alterna-
tively, 1t 1s likely that the shared vacuum facility will not have
been designed for moisture. There may be no precautions
against corrosion, electrical shorts etc. Consequently, the
shared vacuum facility may forbid users from releasing mois-
ture into the shared vacuum facility.

A gas-liquid separation system may be complex, bulky,
prone to serious failure with unacceptable consequences and
relatively expensive. Furthermore, the performance of such a
system may be generally unsuitable for the present applica-
tion. For example, the liquud/gas mixture could in principle be
extracted by direct connection to a liguid-ring pump without
any other hardware 1n between. The performance of such a
system may be inferior to one or more embodiments of the
present ivention in terms of stability, pulsations, etc.,
although 1t may be possible to extract most of the liquid 1n this
way.

Furthermore, reliance on a shared vacuum facility makes
this component a single-point-failure for all of the appara-
tuses dependent on 1t: a single failure 1 the shared vacuum
tacility may lead to failure and/or damage in a large number
ol separate apparatuses.

According to one or more embodiments of the present
invention, an evacuation system 30 1s provided that comprises
a two-phase compatible pump (e.g. a liquid ring pump, or a
liquid jet pump) as the main driving force to extract the
gas/liquid mixture, in combination with the shared vacuum
facility as a backup 1n case the two-phase compatible pump
fails and apparatus damage may be caused due to leakage of
the liquid from the liquid confinement structure 12. Accord-
ing to this embodiment, therefore, failure of the shared
vacuum facility may not necessarily lead to failure of a large
number of apparatuses and no gas/liquid separation mecha-
nism may be required.

FIG. 8 shows an embodiment comprising a two-phase
compatible pump 200 in combination with a shared vacuum
tacility 210. The gas/liquid mixture 1s drawn via hose 14 as
betfore and enters a holding tank 190 through a porous block
195 located at the bottom of the tank. Pore sizes 1n the micron
range are generally well suited to the application in hand
although 1n extreme cases 1t may be possible to include pore
s1zes up to several hundred microns. The porous block may be
formed from a sintered material designed, for example, for
particle filtering. Materials such as stainless steel 3161, Has-
telloy C-22, or nickel may be used, nickel being well suited
tor dealing with ultra-pure water. The types of material likely
to be suitable are those that may also be used as a flow
restrictor for gases and/or liquids or as a “gas diffuser”, which
may be used to reduce the velocity of a purge gas to ensure
uniform and laminar flow. Alternatively, the porous block 195
may be formed using electrochemical processes, or may be
formed using non-metallic materials.

The porous block 195 acts to homogenize the mixture of
gas and liquid by creating a uniform suspension of fine gas
bubbles 1n the liquid. The uniform mixture thus obtained has
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more constant and predictable tlow characteristics and can be
more easily dealt with by the two-phase compatible pump
200, which extracts the majority of the liquid/gas mixture via
a main pumping line 165. If the mixture were not uniform,
slug flow would result 1n the outflow of the holding tank 190
leading to erratic flow and, therefore, unstable pressure.

The shared vacuum facility 210 provides a backup pump-
ing capability via backup line 155. As shown in FIG. 8, the
outlet for the backup line 155 should be towards an upper
surface of the holding tank 190 so that, should the main
pumping line 165 fail, the evacuation system 30 will continue
to operate via the backup line 155. In this scenario, the liquid
part of the gas/liquid mixture would no longer be pumped out
of the holding tank 190 but would rather start to settle at the
bottom of the tank. The backup capacity of the tank 190
should be such as to allow all the liquid confined by the liquid
confinement structure to be removed following a pump fail-
ure 1n order to prevent leakage (the liqud supply system
would typically be shut off).

The shared vacuum facility 210 may be protected from
liquid through the use of a hydrophobic filter 170 on the
backup line 155. The hydrophobic filter acts to allow gas
(even humid gas) to pass but blocks the flow of liquid. A
strained Teflon membrane may be suitable for this purpose, a
device of this type being available 1n the field for use as a
particle filter. The basic structure of this membrane 1s that of
an 1tertwined network of Teflon strands, resembling “spa-
ghett1”. The use of this membrane as a hydrophobaic filter 1s
based on a side-effect whereby liquid causes the Tetlon
strands to swell up and block the gas/liquid flow, whereas
pure gas tlows (including humid gas) are allowed to pass.
However, any other material having the property of blocking
the flow of liquid but allowing gas to pass could also be used.
An advantage of this type of filter 1s that it 1s simple and
reliable 1n comparison to alternative mechanisms that serve
the same purpose (for example, a device configured to detect
droplets 1n a gas stream and close a valve when droplets are
detected, would require a considerably more complex
arrangement that 1s likely to be more expensive to implement
and may have inferior reliability).

During normal operation, the main pumping line 165
should be configured to provide a deeper vacuum than the
backup line 155 so that the majority of the gas/liquid mixture
passes through the main pumping line 165. A check valve 105
may be provided on each line to ensure that they do not draw
on each other. In addition, a backpressure regulator 175 may
be provided on each line to avoid unnecessarily burdening the
shared vacuum facility 210 with work when it 1s not actually
needed. The backpressure regulator 175 1n backup line 1355
will be set at a lower vacuum (1.e. a higher pressure level) than
provided by the shared vacuum facility 210. Thus, 1n normal
operation, the shared vacuum facility 210 will not draw on the
system. Only when the pump 200 fails and the pressure 1n the
holding tank 190 starts to rise, does the backpressure regula-
tor open up and allow the shared vacuum facility 210 to draw
on the holding tank 190.

FIG. 9 shows an evacuation system 30 with a separator tank
35 1n a similar configuration to FIG. 7. According to the
arrangement shown i1n FIG. 9, however, the separator tank
pressure controller 40 comprises a main pumping line 1635
and a backup line 155. The main pumping line 165 is config-
ured to provide a deeper vacuum than the backup line 155 and
a hydrophobic filter 170, a check valve 105 and a back pres-
sure regulator 175 may be provided in each line to perform the
functions as discussed above 1n relation to FIG. 8. As for the
embodiment 1n FIG. 7, the separator tank 35 can be emptied
using a liquid pump 200. A check valve 105 may be provided




US 8,934,082 B2

15

on the separator tank pumping line 63 to ensure that no
backtlow occurs from the liquid sink 90.

FIG. 10 shows an embodiment comprising two tanks—a
separator tank 35 and a purge tank 50—in a similar configu-
ration to the embodiment described above with reference to
FIG. 6. Here again, however, the separator tank pressure
controller 40 comprises a main pumping line 165 and a
backup line 155, with the main pumping line 165 being con-
figured to provide a deeper vacuum than the backup line 155.
In addition, check valves 105 have replaced the valves 70 and
95 of FIG. 6. This configuration may reduce the need for
system control (either manual or automatic) and may improve
system reliability by reducing the possibility of error. The
check valve 105 located between the tanks 35 and 50 allows
liquid to flow from the separator tank 35 into the purge tank 50
under normal operation but closes oif during a purge tank 50
emptying procedure, during which the pressure 1n the purge
tank 50 may temporarily rise above that 1n the separator tank
35. The check valve 105 between the purge tank 50 and the
liquid sink 90 ensures that a vacuum can arise 1n the purge
tank 50 without drawing material back from the liquid sink
90. Again, a limited flow connection 145 comprising a flow
restriction device 150 can be used to effect pressure equal-
1zation between the two tanks 35 and 50 1n a gradual manner
so as not to disrupt the pressure maintained 1n the separator
tank 33.

The embodiment shown in FIG. 10 and analogous embodi-
ments involving check valves rather than active valves, which
ensure that flow occurs only 1n the desired direction without
the need for a control system to apply timing valve actuation,
ctc., may be operated 1n a continuous “one state” mode,
without, for example, having to switch periodically from a
normal operating state to a “purge tank emptying state”. In the
embodiment shown 1 FI1G. 10, this 1s achievable by control-
ling the rate of tlow to and from the purge and separator tanks
so that neither becomes overly full. An advantage of this type
of arrangement may be increased reliability as no valves will
need to switch regularly and no timing actuation will need to
take place. If it 1s desired to increase the rate at which liquid
1s drained from the purge tank 50, an upper region of the purge
tank 50 may be connected to a high pressure gas source 100
via valve 101 as described above 1n relation to the embodi-
ment depicted in FIG. 6.

FIG. 11 shows an alternative arrangement to that shown in
FIG. 10, wherein the check valves 105 have been replaced by
active valves, which can be opened or closed for tlow 1n either
or both directions (automatically or manually). The arrange-
ment corresponds closely to that shown 1n FIG. 6 except that
the separator tank pressure controller 40 has been expanded to
show a specific configuration, including a main pumping line
165 backed up by a backup line 155 1n a similar manner to
those embodiments discussed above that include main pump-
ing and backup lines 165 and 155.

FIG. 12 shows an alternative to the arrangement shown 1n
FIG. 10, in which the high pressure gas source 100 1s con-
nected to the purge tank 50 via a same valve as the limited
flow connection 145, which in turn 1s connected directly to the
line feeding the main pumping and backup lines 165 and 155.
This arrangement operates 1 an analogous manner to the
embodiment described above with reference to FIG. 10, but
may be implemented with fewer components and fewer con-
nections to the purge and/or separator tanks. Valves 101 can
be actively actuated and used to control the emptying
sequence of the purge tank 50. Actuation of valves 101 can be
clfected electrically or pneumatically, for example.

FIG. 13 depicts an embodiment of the mvention that 1s
analogous to that discussed above 1n relation to FIG. 7, the

10

15

20

25

30

35

40

45

50

55

60

65

16

embodiment differing in the choice of pump used to drain the
separator tank 35. According to this embodiment, the liquid
pump 62 comprises a wheel 110 with one or more cavities 1135
connecting with the circumferential surface of the wheel 110
s0 as to provide one or more circumierential openings. The
wheel operates to remove liquid from the separator tank as
tollows. For a given cavity 1135 and associated circumieren-
tial opening, three operating positions (or regimes ) exist, each
corresponding to different angular positions of the wheel 110
(or ranges of angular position): a liquid filling position 126, a
liquad purging position 127 and a gas purging position 128.
When the wheel rotates so that a particular cavity 1135 1s 1n the
liguid filling position 126, that cavity is connected to an
opening in the separator tank 35 and liquid from the tank
flows downwards under gravity into the cavity 115 until the
cavity 1s full. The flow of liguid downwards may tend to
reduce the pressure 1n the separator tank 33, but if the volume
of the cavities 115 are small enough and/or the separator tank
pressure controller 40 1s configured to respond quickly
enough (by adjusting 1ts pumping power) then the pressure
fluctuation in the separator tank 35 may be kept within accept-
able limits. The wheel 110 will eventually rotate the cavity
115 away from the filling position 126, the cavity becoming
temporarily sealed against a wheel housing 129 when the
trailing edge of the circumierential opening for the cavity 1135
moves past the opening 1n the separator tank 35. The cavity
115 may remain sealed until the wheel rotation brings the
cavity 115 into the liquid purging position 127, wherein the
cavity 1s connected to a liquid sink 90. Most of the liquid
stored 1n the cavity will leave at this point to be replaced by
gas (this may be provided by a separate gas supply or be taken
from a gas-filled volume within the liquid sink). The cavity
115 1s then rotated away from the liquid purging position 127,
again becoming temporarily sealed against the wheel housing
129 betfore arriving at the gas purging position 128. At this
position, the cavity 115 1s pumped down by a two-phase
compatible pump (which in the embodiment shown 1is
achieved via a connection to the main pumping line 165) to
prepare for the influx liquid that will occur when wheel 110 1s
made to complete the 360° rotation back to the liquid filling
position 126.

The wheel 110 may be configured to rotate 1n a discontinu-
ous manner so as to wait for a predetermined period, for
example, at one or more of the three positions to give suili-
cient time for the process concerned to be carried out. Alter-
natively, the wheel 110 may be rotated continuously with the
angular velocity chosen as a function of the width of the
separator tank, liquid sink, pump and cavity openings so that
enough time 1s available for the purging and/or filling opera-
tions to be carried out efficiently. Other effects such as turbu-
lence 1n the separator tank 35 and/or undesirably large pres-
sure tluctuations may occur for excessive angular velocities.
A sliding seal may be used to seal the cavity at intermediate
positions 131. Although the embodiment shown has only a
single cavity, the wheel 110 may also operate with a plurality
of cavities, so that at any given time different cavities may be
exposed to two or more of the three operating positions 126,
127 and 128. This type of liquid pump has an advantage that
it may be used continuously, which minimizes the risk of
pressure tluctuations during an emptying phase (such as may
be the case where a purge tank 1s used). The simplicity of the
mechanism may provide high reliability and, because it 1s
relatively insensitive to variations in the flow properties of the
liquad, 1t 1s unlikely to suil

er from the pressure fluctuations to
which a traditional liquid pump may be prone.

FIG. 14 depicts an alternative pump 62 1n a configuration
analogous to that depicted 1n FIGS. 7 and 13. Here, a gas jet




US 8,934,082 B2

17

pump 1s provided to remove liquid from the separator tank 35.
A stream of high velocity gas (a “gas jet”) 1s forced to tlow
along duct 102, from left to right in the Figure (arrows 106),
by a high pressure gas source 100 (which may be the same as
that used to supply the gas seal, for example). An outlet from
the separator tank 35 1s connected substantially at right angles
to a venturi nozzle 103, through which the gas jet flows. The
venturi nozzle 103 constricts the flow, leading to an increase
in particle speed and a corresponding reduction in pressure. It
1s this reduction in pressure that provides the low pressure to
extract the liquid from the separator tank 35. Again, this
arrangement may work continuously and can be arranged to
provide a highly controllable pumping power. Due to the
relatively simple construction and the fact that it can be oper-
ated using features (the high pressure gas source 100) that are
already provided in a lithographic apparatus, this liquid pump
designs olfers a possibly cost efiective and space-saving solu-
tion. The lack of moving parts means that 1t may be made to
be extremely reliable.

An analogous pump to the gas jet pump can be realized
using a liquid jet instead of the gas jet. This may be preferred
as the underlying mechanism for this type of pump 1s momen-
tum transfer, and a liquid, such as water, 1s likely better at that
than gas due to its higher specific mass. Moreover, 1t may be
much more robust against pressure fluctuations which are a
phenomenon 1in two-phase flows.

FIG. 15 depicts a further embodiment based on the sepa-
rator tank concept. In the arrangement shown, a single two-
phase compatible pump 200 1s used both to extract liquid
from the lower portion of the separator tank 35 and to provide
the main pumping power for the low pressure region in the
separator tank 35. As before, a backup line 1355 1s provided,

which may be linked to a standard gas pumping system such
as a shared vacuum facility 210. A check valve 105 1s located
as shown between the main pumping line 165 and the backup
line 155 to ensure that the shared vacuum facility 210 does not
pump any liquid from the separator tank 35. An advantage of
this arrangement 1s reduction in the number of components to
implement the separator tank concept by using a single pump
to pump out both the liquid and gaseous regions of the sepa-
rator tank 35. A tlow restriction 107 may be provided that, for
a given flow-rate, maintains the pressure inside the separator
tank 35 at a fixed offset relative to ambient pressure. This
serves as an alternative to a pressure regulator—if or when the
flow 14 pulsates, the flow through the flow restriction 107 will
compensate the pressure pulsations 1n the separator tank 35.

FIG. 16 1s an alternative embodiment to that described
above with reference to FIG. 15, differing in that the single
pump 200 used to pump down the gaseous region of the
separator tank 35 and to remove the liquid therefrom 1s
arranged only to remove liquid. Pressure stability 1n the tank
1s provided by pressure regulator 108 and gas that has been
separated from the liquid 1s removed via line 155. The pres-
sure regulator 108 maintains the pressure 1n the separator tank
35 at a constant level by adding a pressure dependent flow, 1n
elfect acting to compensate for flow fluctuations in the line
155. This arrangement may provide an evacuation system
with a smaller number of components, thus possibly provid-
ing increased reliability and cost effectiveness.

The concept of a main pumping line 165, capable of deal-
ing with liquid and gas, working in combination with a
backup line 155, based on gas extraction only, may also be
implemented 1n an evacuation system 30 that does not com-
prise any separator tank 35 or holding tank 50. Instead a
“straight-through™ pump concept may be employed as 1is
depicted in FIG. 17. Pressure stability/regulation 1s taken care
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of according to this embodiment through the use of a two-
phase-compatible pressure regulator 300.

In an embodiment, there 1s provided a lithographic appa-
ratus comprising: an i1lluminator configured to condition a
radiation beam; a support constructed to hold a patterming
device, the patterning device configured to impart the radia-
tion beam with a pattern 1n 1ts cross-section to form a pat-
terned radiation beam; a substrate table constructed to hold a
substrate; a projection system configured to project the pat-
terned radiation beam onto a target portion of the substrate; a
liquid supply system configured to at least partly fill a space
between the projection system and the substrate with a liquad,
the liguid supply system comprising a liquid confinement
structure configured to at least partly confine the liquid within
the space; an outlet configured to remove a mixture of liquid
and gas passing through a gap between the liquid confinement
structure and the substrate; and an evacuation system config-
ured to draw the mixture through the outlet, the evacuation
system comprising a separator tank arranged to separate lig-
uid from gas in the mixture and a separator tank pressure
controller, connected to a non-liquid-filled region of the sepa-
rator tank, configured to maintain a stable pressure within the
non-liquid-filled region.

In an embodiment, the evacuation system further com-
prises: a purge tank, situated lower than the separator tank and
connected thereto via an opening 1n a lower portion of the
separator tank and an opening in an upper portion of the purge
tank, the connection being controllable via a purge valve; and
a pressure equalization connection, controllable by a pressure
equalization valve, configured to connect respective upper
portions of the separator and purge tanks to facilitate flow of
separated liquid from the separator tank to the purge tank
without a change 1n pressure in the separator tank, wherein
the purge tank 1s configured so that liquid can be removed
therefrom, during a liquid removal phase, by closing the
purge valve, closing the pressure equalization valve and
opening the purge tank to a liquid sink via a liquid sink valve.
In an embodiment, the evacuation system further comprises a
high pressure gas source connectable to the purge tank and
configured to force liquid from the purge tank to the liquid
sink at an increased rate. In an embodiment, the evacuation
system further comprises a liquid pump configured to pump
liquid from the separator tank to the liquid sink, the liquid
pump comprising a gas jet pump powered by the high pres-
sure gas source. In an embodiment, the purge valve, the liquad
sink valve, or both comprises a check valve configured to
prevent backtlow. In an embodiment, the evacuation system
turther comprises: a purge tank, situated lower than the sepa-
rator tank and connected thereto via an opening 1n a lower
portion of the separator tank and an opening 1n an upper
portion of the purge tank, the connection being controllable
via a purge valve; and a limited flow connection configured to
connect respective upper portions of the separator and purge
tanks and comprising a flow restriction device arranged to
provide a tlow impedance, wherein the purge tank 1s config-
ured so that liquid can be removed therefrom, during a liquid
removal phase, by closing the purge valve and opening the
purge tank to a liguid sink via a liquid sink valve, and the flow
impedance 1s selected to equalize the pressures of the sepa-
rator and purge tanks, after the liquid removal phase, without
causing a tluctuation of the pressure 1n the separator tank that
exceeds a threshold value. In an embodiment, the flow 1imped-
ance 1s also selected to allow liquid to flow from the separator
tank to the purge tank at a rate above a minimum transier rate.
In an embodiment, the evacuation system further comprises a
high pressure gas source connectable to the purge tank and
configured to force liquid from the purge tank to the liquid
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sink at an increased rate. In an embodiment, the purge valve,
the liguid sink valve, or both comprises a check valve con-
figured to prevent backtlow. In an embodiment, the evacua-
tion system further comprises: a purge tank, situated lower
than the separator tank and connected thereto via an opening,
in a lower portion of the separator tank and an opening in an
upper portion of the purge tank, the connection being con-
trollable via a purge valve; a limited flow connection config-
ured to connect respective upper portions of the separator and
purge tanks and comprising a flow restriction device arranged
to provide a flow impedance; and a pressure equalization
connection, controllable by a pressure equalization valve,
configured to connect respective upper portions of the sepa-
rator and purge tanks to facilitate flow of separated liquid
from the separator tank to the purge tank without a change 1n
pressure 1n the separator tank, wherein the purge tank 1s
configured so that liquid can be removed therefrom, during a
liquid removal phase, by closing the purge valve and opening
the purge tank to a liquid sink via a liquid sink valve, and the
flow 1mpedance 1s selected to equalize the pressures of the
separator and purge tanks, after the liquid removal phase,
without causing a fluctuation of the pressure 1n the separator
tank that exceeds a threshold value. In an embodiment, the
evacuation system further comprises a high pressure gas
source connectable to the purge tank and configured to force
liquid from the purge tank to the liquid sink at an increased
rate. In an embodiment, the purge valve, the liquid sink valve,
or both comprises a check valve configured to prevent back-
flow. In an embodiment, the evacuation system further com-
prises a liquid pump configured to pump liquid from the
separator tank to the liquid sink. In an embodiment, the sepa-
rator tank pressure controller comprises: a main pumping line
connected to a two-phase compatible pump configured to
pump a the mixture; and a backup line connectable to a shared
vacuum facility configured to pump gas only, wherein the
main pumping and backup lines are connected to the separa-
tor tank, and the two-phase compatible pump being config-
urable to provide a deeper vacuum than the shared vacuum
facility. In an embodiment, the main pumping line 1s con-
nected to a lower, predominantly liquid filled portion of the
separator tank, and the backup line 1s connected to an upper,
predominantly gas filled portion of the separator tank. In an
embodiment, the main and backup pumping lines are each
fitted with check valves to prevent one pumping line from
drawing on the other pumping line. In an embodiment, the
backup line comprises a hydrophobic filter configured to
prevent liquid from reaching the shared vacuum facility. In an
embodiment, the main pumping line, the backup line, or both,
comprise a back-pressure regulator configured to control the
pumping power provided by the two-phase compatible pump,
the shared vacuum {facility, or both, as a function of the pres-
sure on a separator tank side of the back-pressure regulator. In
an embodiment, the two-phase compatible pump 1s config-
ured both to maintain a vacuum level in a non-liquid-filled
portion of the separator tank via the main pumping line and to
extract liquid from a lower, predominantly liquid filled por-
tion of the separator tank via a lower separator tank pumping
line, wherein a check valve 1s positioned between the main
pumping line and the lower separator tank pumping line so as
to prevent the shared vacuum {facility from pumping on the
liquad.

In an embodiment, there 1s provided an apparatus, com-
prising: a pressurized gas input configured to provide gas
under pressure to an interface region of a container from
which liquid may escape; a stabilized evacuation system con-
figured to provide controlled removal of a mixture of liquid
and gas from the region, the tlow of gas caused by the pres-
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surized gas mput coupled with the stabilized evacuation sys-
tem being configured to limit the escape of liquid from the
container through the interface region, the stabilized evacua-
tion system comprising a separator tank arranged to separate
liquid from gas 1n the mixture and a separator tank pressure
controller, connected to a non-liquid-filled region of the sepa-
rator tank, configured to maintain a stable pressure within the
non-liquid-filled region.

In an embodiment, there 1s provided a lithographic appa-
ratus, comprising: an i1lluminator configured to condition a
radiation beam; a support constructed to hold a patterming
device, the patterning device configured to impart the radia-
tion beam with a pattern in 1ts cross-section to form a pat-
terned radiation beam; a substrate table constructed to hold a
substrate; a projection system configured to project the pat-
terned radiation beam onto a target portion of the substrate; a
liquad supply system configured to at least partly fill a space
between the projection system and the substrate with a liquad,
the liquid supply system comprising a liquid confinement
structure configured to at least partly confine the liquid within
the space; an outlet configured to remove a mixture of liquid
and gas passing through a gap between the liquid confinement
structure and the substrate; and an evacuation system config-
ured to draw the mixture through the outlet, the evacuation
system comprising a two-phase compatible pump and a lig-
uid/gas homogenizer arranged between the gap and the two-
phase compatible pump, the liquid/gas homogenizer being
arranged to provide a uniform mixture of liquid and gas to the
two-phase compatible pump.

In an embodiment, the liquid/gas homogenizer comprises a
holding tank and a porous block, the porous block configured
to homogenize the mixture as it 1s passed into the holding
tank.

In an embodiment, there 1s provided a lithographic appa-
ratus, comprising: an i1lluminator configured to condition a
radiation beam; a support constructed to hold a patterming
device, the patterning device configured to impart the radia-
tion beam with a pattern 1n 1ts cross-section to form a pat-
terned radiation beam; a substrate table constructed to hold a
substrate; a projection system configured to project the pat-
terned radiation beam onto a target portion of the substrate; a
liquid supply system configured to at least partly fill a space
between the projection system and the substrate with a liquid,
the liguid supply system comprising a liquid confinement
structure configured to at least partly confine the liquid within
the space; an outlet configured to remove a mixture of liquid
and gas passing through a gap between the liquid confinement
structure and the substrate; and an evacuation system config-
ured to draw the mixture through the outlet, the evacuation
system, comprising: a main pumping line connected to a
two-phase compatible pump configured to pump the mixture,
a backup line connectable to a shared vacuum facility config-
ured to pump gas only and arranged to backup the two-phase
compatible pump, the two-phase compatible pump being
configurable to provide a deeper vacuum than the shared
vacuum facility, and a two-phase-compatible pressure regu-
lator connected to the main pumping line and the backup line.

In an embodiment, the backup line comprises a hydropho-
bic filter configured to prevent liquid from reaching the
shared vacuum facility.

In an embodiment, there 1s provided a device manufactur-
ing method, comprising: providing a liquid to a space
between a projection system of a lithographic apparatus and a
substrate, the liquid being confined to the space at least 1in part
by a liquid confinement structure; removing a mixture of
liguid and gas passing through a gap between the liquid
confinement structure and the substrate; separating, 1n a sepa-



US 8,934,082 B2

21

rator tank, liquid from gas in the mixture; pumping on a
non-liquid-filled region of the separator tank so as to maintain
a stable pressure within the separator tank; and projecting a
patterned beam of radiation, using the projection system,
through the liquid onto the substrate.

In an embodiment, there 1s provided a device manufactur-
ing method, comprising: providing a flow of gas under pres-
sure to an 1nterface region of a container from which liquid
may escape; controlled removing of a mixture of liquid and
gas Irom the region, the flow of gas coupled with the con-
trolled removal of the mixture being configured to limit the
escape of liquid from the container through the interface
region; separating, in a tank, liquid from gas in the mixture;
and pumping on a non-liquid-filled region of the tank so as to
maintain a stable pressure within the non-liquid-filled region.

In an embodiment, there 1s provided a device manufactur-
ing method, comprising: providing a liquid to a space
between a projection system of a lithographic apparatus and a
substrate, the liquid being confined to the space at least in part
by a liguid confinement structure; removing a mixture of
liguad and gas passing through a gap between the liquid
confinement structure and the substrate using a two-phase
compatible pump; homogenizing the mixture before 1t
reaches the two-phase compatible pump; and projecting a
patterned beam of radiation, using the projection system,
through the liquid onto the substrate.

In an embodiment, there 1s provided a device manufactur-
ing method, comprising: providing a hiquid to a space
between a projection system of a lithographic apparatus and a
substrate, the liquid being confined to the space at least in part
by a liguid confinement structure; removing a mixture of
liquid and gas, the mixture passing through a gap between the
liquid confinement structure and the substrate, through a main
pumping line using a two-phase compatible pump; removing,
gas Irom the mixture through a backup line using a shared
vacuum facility as a backup to the two-phase compatible
pump, the two-phase compatible pump providing a deeper
vacuum than the shared vacuum facility; regulating the main
pumping line and the backup line using a two-phase-compat-
ible pressure regulator; and projecting a patterned beam of
radiation, using the projection system, through the liquid onto
the substrate.

In European Patent Application No. 03257072.3, the idea
of a twin or dual stage immersion lithography apparatus 1s
disclosed. Such an apparatus 1s provided with two tables for
supporting a substrate. Leveling measurements are carried
out with a table at a first position, without immersion liquid,
and exposure 1s carried out with a table at a second position,
where immersion liquid 1s present. Alternatively, the appara-
tus has only one table.

Although specific reference may be made 1n this text to the
use of lithographic apparatus in the manufacture of ICs, it
should be understood that the Ilithographic apparatus
described herein may have other applications, such as the
manufacture of integrated optical systems, guidance and
detection patterns for magnetic domain memories, flat-panel
displays, liquid-crystal displays (LCDs), thin-film magnetic
heads, etc. The skilled artisan will appreciate that, in the
context of such alternative applications, any use of the terms
“water” or “die” herein may be considered as synonymous
with the more general terms “substrate’” or “target portion”,
respectively. The substrate referred to herein may be pro-
cessed, before or after exposure, in for example a track (a tool
that typically applies a layer of resist to a substrate and devel-
ops the exposed resist), a metrology tool and/or an inspection
tool. Where applicable, the disclosure herein may be applied
to such and other substrate processing tools. Further, the
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substrate may be processed more than once, for example 1n
order to create a multi-layer IC, so that the term substrate used
herein may also refer to a substrate that already contains
multiple processed layers.

The terms “radiation” and “beam” used herein encompass
all types of electromagnetic radiation, including ultraviolet
(UV) radiation (e.g. having a wavelength of or about 363,
248, 193, 157 or 126 nm).

The term “lens”, where the context allows, may refer to any
one or combination of various types of optical components,
including refractive and retlective optical components.

While specific embodiments of the mvention have been
described above, 1t will be appreciated that the invention may
be practiced otherwise than as described. For example, the
invention may take the form of a computer program contain-
Ing one or more sequences of machine-readable instructions
describing a method as disclosed above, or a data storage
medium (e.g. semiconductor memory, magnetic or optical
disk) having such a computer program stored therein.

One or more embodiments of the present invention may be
applied to any immersion lithography apparatus, in particular,
but not exclusively, to those types mentioned above. A liquid
supply system as contemplated herein should be broadly con-
strued. In certain embodiments, it may be a mechanism or
combination of structures that provides a liquid to a space
between the projection system and the substrate and/or sub-
strate table. It may comprise a combination of one or more
structures, one or more liquid 1nlets, one or more gas inlets,
one or more gas outlets, and/or one or more liquid outlets that
provide liquid to the space. In an embodiment, a surface of the
space may be a portion of the substrate and/or substrate table,
or a surface of the space may completely cover a surface of the
substrate and/or substrate table, or the space may envelop the
substrate and/or substrate table. The liquid supply system
may optionally further include one or more elements to con-
trol the position, quantity, quality, shape, flow rate or any
other features of the liquid.

The descriptions above are intended to be illustrative, not
limiting. Thus, 1t will be apparent to one skilled in the art that
modifications may be made to the mvention as described
without departing from the scope of the claims set out below.

The mvention claimed 1s:

1. A lithographic apparatus comprising;:

a projection system configured to project a patterned radia-
tion beam onto a target portion of a substrate;

a liquid supply system configured to at least partly fill a
space between the projection system and the substrate
with a liquid, the liquid supply system comprising a
liquid confinement structure configured to at least partly
coniine the liquid within the space; and

an evacuation system comprising a chamber arranged to
separate liquid from gas 1n a mixture of gas and liquid
from the space, the evacuation system configured to
draw the mixture of gas and liquid from the space
through a porous element into the chamber.

2. The lithographic apparatus according to claim 1,

wherein the evacuation system further comprises:

a purge tank connected to the chamber; and

a pressure equalization connection, controllable by a pres-
sure equalization valve, configured to to facilitate tlow
of separated liquid from the chamber to the purge tank
without a substantial change in pressure 1n the chamber.

3. The lithographic apparatus according to claim 1,

wherein the evacuation system further comprises a liquid
pump configured to pump liquid from the chamber to a liquid

sink.
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4. The lithographic apparatus according to claim 1, further
comprising;

a main pumping line connected to a pump configured to

pump the mixture; and

a backup line connectable to a shared vacuum facility,

wherein the main pumping and backup lines are connected
to the chamber.

5. The lithographic apparatus according to claim 4,
wherein the main pumping line 1s connected to a predomi-
nantly liquid filled portion of the chamber, and the backup
line 1s connected to a predominantly gas filled portion of the
chamber.

6. The lithographic apparatus according to claim 4,
wherein the main and backup pumping lines are each fitted
with check valves to prevent one pumping line from drawing,
on the other pumping line.

7. The lithographic apparatus according to claim 4,
wherein the backup line comprises a hydrophobic filter con-
figured to prevent liquid from reaching the shared vacuum
facility.

8. The lithographic apparatus according to claim 4,
wherein the main pumping line, the backup line, or both,
comprise a back-pressure regulator configured to control the
pumping power provided by the pump, the shared vacuum
tacility, or both, as a function of the pressure on a chamber
side of the back-pressure regulator.

9. The lithographic apparatus according to claim 4,
wherein the pump 1s configured both to maintain a vacuum
level 1n a mostly non-liquid-filled portion of the chamber via
the main pumping line and to extract liquid from a predomi-
nantly liquid filled portion of the chamber via a chamber
pumping line, wherein a check valve 1s positioned between
the main pumping line and the chamber pumping line so as to
prevent the shared vacuum facility from pumping on the
liquad.

10. The lithographic apparatus according to claim 1,
wherein the evacuation system comprises a pump system and
the porous element 1s arranged upstream of the pump system,
the porous element arranged to provide a uniform mixture of
liquid and gas toward the pump system.

11. The lithographic apparatus according to claim 1, fur-
ther comprising at least two lines to remove fluid from the
chamber, at least one of the lines connected to a pump.

12. A lithographic apparatus, comprising;:

a movable table;

a projection system configured to project a patterned radia-

tion beam onto a target portion of a substrate;

a liquid supply system configured to at least partly fill a
space between the projection system and the table with a
liquid, the liquid supply system comprising a liquid
coniinement structure configured to at least partly con-
fine the liquid within the space;

an outlet configured to remove a mixture of liquid and gas;
and
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an evacuation system configured to draw the mixture
through the outlet, the evacuation system comprising a
pumping system and a liquid/gas homogenizer upstream
of the pumping system, the liquid/gas homogenizer
arranged to provide a substantially uniform mixture of
liguid and gas toward the pumping system.

13. The lithographic apparatus according to claim 12,
wherein the liquid/gas homogenizer comprises a porous ele-
ment, the porous element configured to homogenize the mix-
ture as 1t 1s passed nto a chamber.

14. The lithographic apparatus according to claim 13, fur-
ther comprising at least two lines to remove fluid from the
chamber, at least one of the lines connected to a pump.

15. A lithographic apparatus, comprising:

a movable table;

a projection system configured to project a patterned radia-

tion beam onto a target portion of a substrate;
a liquid supply system configured to at least partly fill a
space between the projection system and the table with a
liguid, the liquid supply system comprising a liquid
confinement structure configured to at least partly con-
fine the liquid within the space;
an outlet configured to remove a mixture of liquid and gas;
and
an evacuation system configured to draw the mixture
through the outlet, the evacuation system comprising:
a main pumping line connected to a two-phase compat-
ible pump system configured to pump the mixture,
and

a backup line connectable to a shared vacuum facility
and arranged to backup the two-phase compatible
pump system.

16. The lithographic apparatus according to claim 135,
wherein the backup line comprises a hydrophobic filter con-
figured to prevent liquid from reaching the shared vacuum
facility.

17. The lIithographic apparatus according to claim 1, fur-
ther comprising a pressure controller, connected to the cham-
ber, configured to maintain a stable pressure within the cham-
ber.

18. The lithographic apparatus according to claim 1, fur-
ther comprising an exhaust line from the chamber, the exhaust
line configured to exhaust separated gas, wherein an opening
ol the exhaust line 1s arranged in or on the chamber above the
porous element.

19. The lithographic apparatus according to claim 18,
wherein the exhaust line comprises a filter to block liquad.

20. The lithographic apparatus according to claim 19, fur-
ther comprising a pump line from the chamber, the pump line
connected to a pump to draw liquid out of the chamber,
wherein an opening of the pump line 1s arranged 1n a region of
the chamber that 1s predominantly liquid filled after the mix-
ture 1s drawn 1nto the chamber.
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